Aims/hypothesis The ability of glucagon-like peptide-1
. The first-phase insulin response to i.v. glucose is already absent in the early stages of the disease, whereas the beta cell response to non-glucose secretagogues is preserved, although reduced compared with healthy individuals [2] . In people with normal glucose tolerance, glucosedependent insulinotropic polypeptide (GIP) and glucagonlike peptide-1 (GLP-1) are responsible for the incretin effect, which describes the augmentation of insulin secretion that results from oral compared with i.v. glucose stimulation of secretion [3] , and together they account for up to 70% of the insulin response following oral glucose loads [4] . Several investigators have shown that the incretin effect is attenuated in patients with type 2 diabetes, primarily because of a reduced insulinotropic effect of GIP, while the effect of GLP-1 is relatively more preserved [5] [6] [7] [8] . GLP-1 potentiates beta cell responsiveness to glucose in a dose-dependent manner, and this sensitivity to glucose can be increased to normal levels by the infusion of a slightly supraphysiological dose of GLP-1 [9, 10] . However, the dose-response relationship between GLP-1 and its potentiation of the beta cell response to glucose is impaired in patients with type 2 diabetes [9] .
In individuals with type 2 diabetes, there is considerable evidence that prolonged exposure of the beta cells to high glucose levels induces functional defects in insulin secretion in response to both glucose and non-glucose secretagogues [11] . Glucotoxicity is known to be partly reversible, since restoration of normoglycaemia with insulin in patients with type 2 diabetes has been shown to improve beta cell function [12] [13] [14] [15] [16] [17] . We therefore hypothesised that improved glycaemic control might also enhance the potentiating effect of GLP-1. In the present study we assessed whether 4 weeks of intensive insulin treatment, designed to near normalise blood glucose in patients with type 2 diabetes, improves the ability of GLP-1 to enhance glucose-induced insulin secretion. Furthermore, since plasma glucagon concentrations are elevated in patients with type 2 diabetes and do not decrease appropriately after food intake [18] , and given that GLP-1 is known to suppress glucagon secretion [19, 20] , a secondary objective of the study was to investigate whether near normalisation of blood glucose alters the effects of glucose and GLP-1 on glucagon secretion.
Methods

Participants
The characteristics of the participants at baseline are presented in Table 1 . Nine patients with type 2 diabetes (six men) aged 53±8 years (mean±SD), and nine healthy volunteers (six men) aged 55±7 years (mean±SD) with a fasting plasma glucose level of 5.0±0.3 mmol/l were studied. The BMIs of the two groups were 31±4 and 31± 5 kg/m 2 (mean±SD), respectively. None of the healthy volunteers had a family history of diabetes, and all had normal oral glucose tolerance as assessed by 75 g OGTTs. Neither patients nor healthy controls had islet cell autoantibodies or glutamate decarboxylase-65 autoantibodies.
Prior to entering the study, the diabetic individuals had HbA 1c levels of 8.0±0.4% (mean±SD) and fructosamine levels of 316 ± 20 μmol/l (mean±SD; normal values <285 μmol/l). The mean duration of disease from diagnosis was 5±4 years (mean±SD), and the patients did not suffer from any overt diabetic complications or any other somatic medical illnesses. Two of the nine patients were treated with diet only, six were treated with metformin and one patient was treated with metformin and sulfonylurea. The patients did not take any other drugs known to affect carbohydrate metabolism. Hypoglycaemic agents were discontinued at least 3 weeks before each experiment. All studies were carried out at the Department of Endocrinology at the Copenhagen University Hospital at Hvidovre (Copenhagen, Denmark), and all participants agreed to participate after receiving oral and written information. The ethics committee in Copenhagen Municipality approved the protocol and the study was performed in accordance with the Declaration of Helsinki.
The patients were investigated as described below, before and after 4 weeks of insulin treatment. Glycaemic control before the start of insulin treatment was evaluated from the blood glucose seven point profile, determined for days, which involved the measurement of blood glucose before and 1.5 h after each main meal and at 22:00 hours. Additionally, HbA 1c and plasma fructosamine were measured.
Insulin treatment
To optimise glycaemic control, patients were treated with multiple insulin injections. Insulin therapy, including administration of a fast-acting insulin analogue before each meal, as well as basal insulin coverage by intermediate-acting (NPH) insulin administered twice daily, was based on selfmonitored blood glucose using a One Touch Ultra meter (Life Scan, Johnson and Johnson, Milpitas, CA, USA). During the first week, participants measured blood glucose seven times daily and had daily telephone contact with the principal investigator to regulate insulin therapy, with the objective of achieving a targeted fasting (prebreakfast) blood glucose level of <5 mmol/l (without incurring unacceptable risk of hypoglycaemia) and a targeted postprandial blood glucose level of <8 mmol/l. During the following 3 weeks of treatment, participants measured blood glucose seven times daily on 2 weekdays, and four times daily on the other 5 weekdays. Insulin adjustment was made before each insulin injection in accordance with an algorithm based on the measured blood glucose concentrations, to achieve the targeted blood glucose levels.
Experimental protocol
The patients were investigated on separate days using graded glucose infusions together with an infusion of GLP-1 (1 pmol kg −1 min −1 ) or saline, both before and after 4 weeks of insulin treatment, giving a total of four experimental days. Less than one week was allowed to pass between saline and GLP-1 experiments, which were performed in random order. All patients completed all four experiments, whereas the healthy participants were only investigated once with GLP-1 and once with saline. The evening before each investigation, the patients were treated with Mixtard (30/70; Novo Nordisk, Bagsvaerd, Denmark) at bedtime to obtain a fasting blood glucose level between 6 and 10 mmol/l. None of participants displayed a blood glucose level below 5.0 mmol/l the evening and night before experiments according to blood glucose measurements made at 22:00, 03:00 and 07:00 hours. The participants attended the ward at 08:00 hours, after fasting (including abstinence from smoking) from 22:00 hours the evening before. Studies were performed with the participants in a recumbent position, and i.v. catheters were placed in each forearm, one for blood sampling and one for infusion. The hand with the sampling catheter was heated. At the beginning of the experiment the patients received a continuous i.v. infusion of fast-acting insulin (Actrapid; NovoNordisk) at a rate of 0.1 IU kg
Once plasma glucose reached 6 mmol/l, the infusion was stopped (time −60 min). 
GLP-1 and glucose infusions
GLP-1
Synthetic GLP-1 (7-36) amide was purchased from PolyPeptide Laboratories (Wolfenbuttel, Germany), and the same lot number was used in all studies. The peptide was dissolved in sterilised water containing 2% human serum albumin (Human Albumin, guaranteed to be free of hepatitis B surface antigen, hepatitis C virus antibodies and human immunodeficiency virus antibodies; Statens Serum Institute, Copenhagen, Denmark), and subjected to sterile filtration. The GLP-1 was dispensed into glass ampoules and stored frozen (−20°C) under sterile conditions until the day of the experiment. The peptide was demonstrated to be >97% pure and identical to the natural human peptide by HPLC mass and sequence analysis.
Biochemical analysis
Blood samples for plasma glucose analysis were measured immediately in duplicate by the glucose oxidase method on a Beckman glucose analyser (Ramcon, Fullerton, CA, USA). Plasma insulin and C-peptide concentrations were measured by Auto-Delphia automatic fluoroimmunoassay (Wallac, Turku, Finland). Glucagon and total GLP-1 concentrations were measured after extraction of plasma with 70% ethanol (vol./vol., final concentration). The glucagon radioimmunoassay was directed against the C-terminus of the glucagon molecule (antibody code no. 4305) and therefore mainly measures glucagon of pancreatic origin [21] . Total GLP-1 concentrations were determined using antiserum code no. 89390, which is specific for the amidated C-terminus of GLP-1, and which reacts equally with intact GLP-1 and with GLP-1 (9-36) amide, the primary metabolite [22] . Intact GLP-1 was measured using an ELISA, as previously described [23] . The assay is a two site sandwich assay employing two monoclonal antibodies: GLP-1F5 as the capture antibody (C-terminally directed) and Mab26.1 as detection antibody (N-terminally directed) [24] .
Assessment of insulin secretion rates
Prehepatic insulin secretion rates (ISRs) for each individual were derived by deconvolution of peripheral C-peptide concentrations using a two compartment model of C-peptide kinetics [25, 26] and population-based C-peptide kinetic parameters [26] . The population-based parameters are derived from analysis of a large number of individual kinetic parameters, allowing calculation of values adjusted for clinical status (age, sex, degree of obesity and degree of glucose tolerance) [26] . ISR is expressed as pmol kg
Relationship between glucose concentrations and insulin secretion
The calculated ISR values were plotted against the ambient plasma glucose to establish the dose-response relationship (responsiveness to glucose) for each individual on each experimental day. The slopes of these linear relationships were calculated by cross-correlation analysis, as previously described [9] , and expressed as pmol min
. The linearity of the relationship between glucose concentration and simultaneous ISR was assessed graphically in all (n=54) cases and by calculation of the Pearson product moment correlation coefficient. There was no tendency to systematic deviations from linearity, and the correlation coefficients were high (median value 0.95, interquartile range 0.88-0.97). The minimum value was 0.71. On this background the slopes of the linear relationships are considered to represent the beta cell responsiveness to the rise in glucose concentration under the different experimental conditions.
Statistical analysis and calculations
All results are presented as means±SEM unless otherwise stated. AUCs were calculated using the trapezoidal rule, and are presented as total AUC if nothing else is indicated. Standard statistical methods were employed for analysis and presentation of the data. Comparisons between the control participants and the patients were made by Mann-Whitney U test. Comparisons before and after insulin treatment were made using the Wilcoxon signed rank sum test. A post hoc power analysis revealed that for near normalisation of glucose to have a significant effect (80% power at significance level of p=0.05) on beta cell responsiveness to glucose alone after insulin treatment in the nine patients with type 2 diabetes without GLP-1, a responsiveness of 0.16 pmol kg
corresponds to a 50% increase in the mean value before normalisation of glucose (0.33 pmol kg Table 3 ). Differences resulting in p values of <0.05 were considered statistically significant.
Results
Insulin treatment
The patients were in poor glycaemic control before the start of insulin treatment, with an HbA 1c level of 8.0±0.4% (mean±SD), a fructosamine concentration of 317±20 μmol/l (mean±SD) and a mean blood glucose level of 11.7± 1.2 mmol/l, evaluated from seven point blood glucose profiles obtained daily for 3 days. During initiation of insulin treatment, a rapid improvement in glycaemic control was observed, resulting in a mean blood glucose level over the 4 weeks of insulin treatment of 6.4±0.3 mmol/l (Fig. 1) . At the end of the treatment period, HbA 1c (6.7±0.3%, mean± SD) and fructosamine (243.9±11 μmol/l, mean±SD) were significantly reduced compared with baseline. The mean total daily dose of insulin was 92±9 IU (mean±SD).
Mean plasma GLP-1
The GLP-1 infusions resulted in significant increases in total and intact GLP-1 concentrations (Fig. 2a and Glucose profiles did not differ during infusion of glucose and saline between baseline and after 4 weeks of insulin treatment in the type 2 diabetic patients, with mean plasma glucose concentrations (0-150 min) of 13.1±1.4 and 12.4± 1.3 mmol/l (p=NS) and mean peak values of 22.9±1.0 and 21.5±1.2 mmol/l (p=NS), respectively, observed (Fig. 3a , Table 2 ). Both mean plasma glucose and mean peak plasma glucose concentrations were significantly lower on the GLP-1 day than during the saline day (p<0.05).On the GLP-1 days, mean plasma glucose concentrations were 10.6±1.0 and 10.0±1.0 mmol/l (p=NS) before and after insulin treatment, respectively and mean peak plasma glucose concentrations were 17±1.5 and 16.5±1.2 mmol/l (p=NS), respectively, resulting in a higher AUC plasma glucose on the saline days than on the GLP-1 days (Fig. 3a, Table 2 ). The mean plasma glucose value in healthy participants on the saline day was 10.4±0.9 mmol/l and the mean peak concentration of 16.0±0.7 mmol/l, with corresponding values of 6.8±0.3 and 8.3±0.2 mmol/l, respectively, on the GLP-1 day (Fig. 3b, Table 2 ). The plasma glucose AUC in the healthy participants on the saline day was not statistically different from that in the patients on the GLP-1 days (Table 2) .
Insulin and C-peptide
In the patients, AUC insulin on the saline days was higher after than before insulin treatment (p=0.04; Table 2 , Fig. 3c ), whereas there was no difference in AUC C-peptide (p=NS; Fig. 3e, Table 2 ). In contrast, on the GLP-1 days, both AUC insulin and AUC C-peptide were higher after than before insulin treatment (p=0.02). Furthermore, AUC insulin and AUC C-peptide were higher on both of the GLP-1 days than on the saline days ( Fig. 3c,e ; Table 2 ). In the healthy participants, AUC insulin and AUC C-peptide were higher during the GLP-1 day than during the saline day (p<0.001; Fig. 3d,f ; Table 2 ). AUC C-peptide during the saline day in healthy participants was similar to that observed during the GLP-1 days in patients with type 2 diabetes (p=NS; Table 2 ).
Insulin secretion rate (ISR)
The ISRs in the patients and healthy participants are presented in Fig. 3g and h, respectively. AUC ISR was higher in patients with type 2 diabetes on the GLP-1 days than on the saline days, both before and after insulin treatment (p<0.05, Table 2 ). Insulin treatment had no significant effect on AUC ISR on the saline days, whereas total AUC ISR was significantly greater after insulin treatment on the GLP-1 day (p<0.05). In healthy participants, total AUC ISR was, as expected, higher during the GLP-1 day than during the saline day (p=0.004; Fig. 3h, Table 2 ). There was no difference between AUC ISR in healthy participants on the saline day and the patients on the GLP-1 days (p=NS).
Effect of GLP-1 on the relationship between glucose and ISR The responsiveness of the beta cells to changes in plasma glucose, evaluated from the slope of the line expressing the relationship between ISR and plasma glucose concentration, was impaired in the patients (Table 3) . Insulin treatment had no significant effect on beta cell responsiveness to changes in glucose concentration on the saline days (p=0.4), whereas the beta cell responsiveness on the GLP-1 days was improved after insulin treatment (p<0.01; Table 3 ). In both patients and healthy participants, the glucose response to GLP-1 was greater than that to saline, such that in the patients, beta cell sensitivity to glucose on the GLP-1 days was higher than that in healthy participants on the saline days.
Glucagon The dynamic profiles of plasma glucagon are presented in Fig. 3i and j. The incremental AUC glucagon below baseline did not differ during GLP-1 infusion compared with saline infusion in both patients with type 2 diabetes and in healthy participants (Table 2 ). In the patients, insulin treatment did not increase suppression of glucagon on either day (Table 2) .
Discussion
In the present experiments, 4 weeks of insulin treatment with near normalisation of blood glucose in patients with type 2 diabetes did not significantly change beta cell responsiveness to glucose per se. However, maintenance of near-normal glycaemia resulted in an improvement in beta cell sensitivity to GLP-1, as indicated by the greater glucose-induced insulin release in the presence of GLP-1 at week 4 compared with baseline. Furthermore, beta cell responsiveness to glucose during GLP-1 infusion in the patients was greater than that observed during saline infusion in the healthy control group. However, near Fig. 3 Plasma glucose (a, b) , insulin (c, d), C-peptide (e, f), insulin secretion rate (ISR) (g, h) and glucagon (i, j) in patients with type 2 diabetes (a, c, e, g, i), and healthy participants (b, d, f, h, j), respectively, during GLP-1 infusions before (white circles) and after (black circles), and during saline infusions before (white squares) and after (black squares) 4 weeks of insulin treatment in patients 2 diabetes, and during GLP-1 (black triangles) and saline (white triangles) infusions in healthy participants. Differences between experiments are given in Table 2 normalisation of blood glucose had no effect on suppression of glucagon secretion induced by glucose alone or in combination with GLP-1.
The present investigations were inspired by our previous dose-response study of the effect of GLP-1 on beta cell responsiveness in patients with 2 diabetes and healthy participants [9] , which showed that GLP-1 potentiates glucose-induced insulin secretion in a dose-dependent manner, and that beta cell responsiveness to glucose can be normalised by the infusion of a relatively low dose of GLP-1. This is in accordance with results from other studies showing that GLP-1 or GLP-1 analogues can improve beta cell responses to glucose in patients with type 2 diabetes [7, 9, 27] . However, the results of our previous study also indicated that the potency of GLP-1 with respect to enhancing beta cell responsiveness to glucose was severely diminished in patients with type 2 diabetes [9] , a finding confirmed in the present study. There is considerable evidence that prolonged exposure of the beta cell to high glucose levels in patients with type 2 diabetes induces functional defects in insulin secretion, both in response to glucose and non-glucose secretagogues [2, [7] [8] [9] [11] [12] [13] [14] [15] [16] [17] . Therefore, we hypothesised that aggressive insulin treatment resulting in near normalisation of diurnal blood glucose may improve beta cell responsiveness to glucose and the potentiating effect of GLP-1 on glucoseinduced insulin secretion. However, in the current study, 4 weeks of insulin treatment resulted in only minor, nonsignificant improvements in beta cell responsiveness to glucose. In contrast, the potentiating effect of GLP-1 on glucose-induced insulin secretion was significantly improved by about 30% after 4 weeks of insulin treatment. Nevertheless, responsiveness to glucose was still reduced to one-third of that observed in the healthy controls on the GLP-1 day, despite plasma levels of GLP-1 that were two to three times greater than those observed postprandially in healthy controls. The increased GLP-1 levels achieved during infusion were within the therapeutic range obtained during treatment with GLP-1 analogues [10] .
A number of previous studies have addressed the effect of insulin treatment and strict glycaemic control on beta cell function [12] [13] [14] [15] [16] [17] . Vague and Moulin found that 20 h of normoglycaemia may be sufficient to partially restore the first-phase insulin response to i.v. glucose in patients with type 2 diabetes [17] . Similarly, in patients with mild type 2 diabetes, Turner and co-workers demonstrated that 3 days of normoglycaemia enhanced the first-phase insulin response to i.v. glucose [16] . Other studies demonstrated that the insulin responses to a mixed meal, oral glucose and i.v. glucagon in patients with 2 diabetes all increased with improvement of glucose control, regardless of treatment (diet, sulfonylurea or insulin), suggesting that amelioration of glucose toxicity and removal of beta cell stress improves beta cell function [12] [13] [14] . We, therefore hypothesised that 4 weeks of near normalisation of blood glucose should be sufficient to demonstrate a beneficial effect on beta cell function, since previous studies in patients and animals with type 2 diabetes have indicated that a few days of near normalisation of blood glucose improves beta cell function [16, 17, 28] . However, in the present study, there was no significant effect of intensive insulin treatment on beta cell sensitivity to glucose. It appears unlikely that we may have overlooked an existing effect, since we used a sensitive method for evaluating beta cell responsiveness [29] that allowed us to obtain an accurate and precise index of beta cell function, independent of hepatic insulin extraction, which was based on a large number of data points from each individual. It is possible that if we had included patients with a higher baseline HbA 1c , we may have been more likely to identify a change in the beta cell responsiveness to glucose alone, while a more longstanding reduction of hyperglycaemia may have resulted in a greater improvement in beta cell sensitivity. In type 2 diabetes, excess glucagon secretion plays an important role in promoting both basal and postprandial hyperglycaemia [18] . In the present study, insulin treatment had no effect on the glucagon response to graded glucose infusion. Glucagon suppression during saline infusion and GLP-1 infusion was similar, both in the participants with type 2 diabetes or in the control participants. This is in contrast to other studies which have shown an inhibiting effect of GLP-1 on glucagon release patients with 2 diabetes and in patients with type 1 diabetes [7, 8, 19, 20] .
It should be acknowledged that our study is subject to certain limitations. Diurnal blood glucose levels were not completely normalised and, therefore, 'glucotoxicity' was not totally eliminated. However, HbA 1c averaged 6.6% after 4 weeks of insulin treatment, and the mean blood glucose was 6.4 mmol/l, even when including postprandial levels in the calculation, and so it will be very difficult to further improve glycaemic control without unacceptably increasing the risk of severe hypoglycaemia, even using a continuous subcutaneous insulin infusion [30, 31] .
In conclusion, 4 weeks of near normalisation of blood glucose had no effect on beta cell sensitivity to glucose, and did not increase glucagon suppression during hyperglycaemia either in the absence or presence of GLP-1. However, near normalisation of glycaemia significantly improved beta cell sensitivity to GLP-1, suggesting that the impaired action of GLP-1 in patients with type 2 diabetes may be secondary to the lack of metabolic control. This raises the possibility that the effect of GLP-1 treatment on hyperglycaemia may gradually improve with amelioration of hyperglycaemia during treatment with antihyperglycaemic agents, i.e. dipeptidyl peptidase 4 inhibitors.
